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In recent years, earthquakes and heavy rains have frequently caused soil embankments to collapse. In order to prevent the collapse of
embankments, it is well known that sufﬁcient compaction and drainage control are necessary. Although numerous research ﬁndings have
described compacted soils, compaction management has been essentially based on simple parameters such as dry density, degree of saturation or
air content. It is important for the construction of a stiff embankment that the effect of compaction condition on the mechanical properties and
inherent anisotropy of compacted soil should be recognized in detail. In the present study, the relationships between the compaction condition and
the mechanical properties obtained from laboratory tests using saturated specimens are presented. Speciﬁcally, undrained monotonic and cyclic
shear strength, shear modulus, and permeability are reported. The arrangements of soil particles were also observed with a microscope. From the
observation of fabric characteristics of soil particles, an inherent anisotropy of compacted soil is discussed. Furthermore, a conceptualization of
the relationship between the fabric of soil particles and the mechanical characteristics for each compaction condition is suggested.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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In recent years, embankment structures have frequently
collapsed due to earthquakes and heavy rains. In order to
prevent the collapse of embankments, it is well established
that sufﬁcient compaction of soil and drainage control is
necessary.
Although all embankments initially satisfy the criterion of
compaction, many embankments and structural ﬁll become10.1016/j.sandf.2014.06.010
4 The Japanese Geotechnical Society. Production and hosting by
g author.
der responsibility of The Japanese Geotechnical Society.damaged over time. An example is the signiﬁcant number
of geo-disasters such as river embankment and residential
ﬁll collapses that occurred in the 2011 Great East Japan
Earthquake (2011 Committee for Geo-hazards during Earth-
quakes and Mitigation Measures, 2011). Henceforth, a high
quality of mechanical performance will be required for the
construction of embankments that can endure various natural
hazards.
In order to determine the mechanical performance of
compacted embankments, basic properties such as the inherent
anisotropy of compacted soil must be revealed in detail. The
relationship between inherent anisotropy and shear strengthElsevier B.V. All rights reserved.
Fig. 1. Sampling location of I soil.
Fig. 2. Grain size distribution of I soil.
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ment design (for example, Lawton et al., 1991; Delage et al.,
1996; Watabe et al., 2000; Jafari and Shaﬁee, 2004). Knowl-
edge about the microstructure of compacted soil can inform
rational embankment design.
A number of researchers (for example, Lambe, 1958a, 1958b;
Mitchell, 1960; Seed et al., 1962; Mitchell et al., 1965 and
Ahmed et al., 1974) revealed the mechanical properties of
compacted clay. These researchers demonstrated that the
mechanical properties of clay were signiﬁcantly affected by
compaction condition. In particular, Lambe (1958a, 1958b)
described the effects of the differences of compaction conditions
on the soil fabric and mechanical properties such as the strength,
permeability, and stress–strain modulus of Boston blue clay.
These ﬁndings have been useful for interpreting the effect of
compaction condition on the mechanical properties of clay. For
coarse-grained soil, the shear strength and deformation behavior
of compacted gravel have been investigated (for example,
Modoni et al., 2011). Additionally, the inﬂuence of suction on
the mechanical behavior of compacted silty clay has been
clariﬁed by laboratory tests (for example, Vanapalli et al., 1999;
Jotisankasa et al., 2009). Despite the many ﬁndings regarding
compacted soils, for the design and construction of embank-
ments, compaction management has been essentially based on
simple parameters such as dry density, degree of saturation, or
air content. In order to upgrade the construction management of
embankments, the relationship between mechanical properties
and compaction properties of various soils should be leveraged.
Speciﬁcally, static and cyclic undrained strength, shear modulus
and permeability coefﬁcient under various compaction
conditions are important for well-designed embankments. The
ﬁrst step of this study involved the observation of soil particles
of compacted soil under a microscope. The relationships
between soil fabrics and compacted conditions are discussed.
Second, mechanical properties such as undrained strength,
shear modulus and permeability were measured by a series of
laboratory tests. The effect of dry density and water content on
the mechanical properties of compacted soil is discussed.
Finally, a mechanism of change in mechanical properties due
to differences in compaction conditions is described in terms of
the fabric characteristics of compacted soil.Fig. 3. Compaction curve of I soil and initial state condition of specimens.2. Specimen preparation and compaction property
The tested soil was sampled in the Ikeda region, which is
located in the eastern part of Hokkaido in Japan (the sampling site
is shown in Fig. 1). This soil was used as a material in the
construction of a river embankment. In this paper, the soil is
referred to as I soil. Fig. 2 shows the grain distribution of I soil. In
this ﬁgure, the density of soil particles, liquid limit, and plastic
limit are also denoted. The maximum diameter is 2.0 mm. The
ﬁnes content of this soil is 68.1%. The liquid limit wL, and plastic
limit wP, are 46.8% and 34.5%, respectively. The density of soil
particle ρs equals 2578 kg/m
3. From these data, it is recognized
that I soil is categorized as sandy-silt. Fig. 3 shows the
compaction curve of I soil. This compaction curve was obtainedfrom a compaction test with a mold that was made speciﬁcally for
preparing the specimen for laboratory testing. The diameter and
height of the mold were 100 mm and 150 mm, respectively. If a
specimen height of over 150 mm was required for a laboratory
test, compaction was performed by setting a collar on top of the
mold in order to make up for the deﬁciency in the height of the
mold. The size of the constructed mold was different from the test
method deﬁned in the ASTM standards (ASTM International,
2011). Therefore, the compaction curve for this study was derived
S. Yokohama et al. / Soils and Foundations 54 (2014) 731–747 733from the energy of 621.5 kJ/m3, which is shown as 1.13Ec in
Fig. 3. In this paper, the symbol of Ec refers to the energy value
of 550 kJ/m3, which corresponds to the compaction force of a
24.5 N rammer dropping from a height of 300 mm in the
100 mm diameter mold. Therefore, Ec is 0.917 times of the
standard Proctor energy deﬁned in the ASTM standards (ASTM
International, 2011). From the compaction curve, the maximum
dry density ρdmax, and the optimum water content wopt, were
deﬁned as 1446 kg/m3 and 25.0%, respectively.
In this study, the specimens were prepared through compac-
tion of various dry densities, compaction energies and water
contents. Fig. 3 also shows the initial state of specimens such
as the relationship between the dry density ρd, and water
content wi. First, the specimens, which had various dry
densities, were compacted to a near optimum water content
ranging from 23% to 26%. This condition is denoted asTable 1
Initial condition of compacted specimens.
Water content Degree of compaction
OWC-condition wi¼23–25% (nwopt¼25.0%) Dc opt¼80–100%
D-condition wi¼15–19% Dc dry¼93–96%
W-condition wi¼27–33% Dc wet¼90–100%
Fig. 4. Preparation and observation by digital microscope; (a) mixing red-colored p
digital microscope, (d) points of photomicrograph on the vertical cross-section ofOWC-condition in this paper. The initial situations of those
specimens are illustrated by the circle markers in Fig. 3.
Additionally, in order to investigate the effects of the
differences of the moisture state at compaction on the
mechanical behavior of compacted soil, the specimens were
prepared at water content levels both above and below the
optimum level. In this paper, D-condition and W-condition
depict the compaction conditions at water content levels below
and above the optimum level, respectively. In order to denote
differences in the initial moisture state, the degree of compac-
tion at OWC-condition, D-condition and W-condition is
expressed as Dc opt, Dc dry and Dc wet, respectively in Table 1.
In preparing the specimen, the soil was compacted into the
mold with various compaction energies. After removing the
mold from the compacted soil, the compacted soil was formed
into cylindrical specimens by trimming. Specimens with a
diameter of 100 mm were prepared for the triaxial compression
test and permeability test. On the other hand, following
compaction work, specimens were trimmed to a diameter of
70 mm for the bender element test and the cyclic undrained
test. Those specimen sizes were selected as appropriate for
each test apparatus. Following compaction and trimming, the
specimen was set up in the triaxial cell. After set up, the cell
pressure was raised to 20 kPa in order to hold the specimen.
Carbon dioxide was percolated and de-aired water was slowlyarticles, (b) side-view of compacted specimen, (c) situation of observation by
specimen.
S. Yokohama et al. / Soils and Foundations 54 (2014) 731–747734permeated from the bottom to the top of the specimen.
Thereafter, backpressure of 200 kPa was applied to saturate
the specimen. Backpressure was applied until the Skempton’s
B-value reached 0.95 or above. The degree of saturation Sr of
such specimens was conﬁrmed according to the measurement
of water content after testing.
3. Arrangements of soil particles
In order to see the fabric of compacted soil, cross-sectional
pictures of compacted soil samples were taken by digital
microscope. First, soil particles colored by red spray paint wereY
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Fig. 5. Photomicrographs at the center of compacted specimen wi¼15% (D-condition): (mixed in I soil (Fig. 4(a)). The soil particles colored by red
spray paint are called “red-colored particles” in this paper.
Red-colored particles were targeted for observation to ascertain
the arrangement of soil particles. After mixing the red-colored
particles, water was sprayed onto the soil. Water contents were
set to 15%, 25%, and 30%. Compaction was performed using a
rammer with a weight of 24.5 N with blows of 25 times per
layer for each of the 3 layers in the mold. Fig. 4(b) shows the
side-view of the specimen after taking off the mold. This ﬁgure
shows that the side of the specimen was not disturbed. Fig. 4
(c) shows the situation of compacted soil as observed by
microscope. The photomicrographs were taken at the center of3.923mm
3.195m
m
100 m
3.923mm
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m
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m
100µm
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a) point A, red-highlighted; (b) point B, red-highlighted; (c) point C, red-highlighted.
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points A, B, and C are displayed below (see Fig. 4(d)). Based
on the photomicrographs, the arrangements of soil particles are
discussed.
Figs. 5–7 are photomicrographs at points A, B, and C as
depicted in Fig. 4(d) at water content wi of 15% (D-condition),
25% (OWC-condition) and 30% (W-condition), respectively.
In each photograph red-colored particles can be clearly
recognized. In order to observe orientation angles of soil
particles, the red-colored particles were highlighted by pictureY
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Fig. 6. Photomicrographs at the center of compacted specimen wi¼25% (OWC-cond
highlighted.processing. The long axes of red-colored particles are illu-
strated in those pictures.
Fig. 8 deﬁnes the orientation angle θ of a soil particle. θ
indicates the orientation angle between the long axis of the soil
particle and X-axis shown in Fig. 8. The value of θ can be
taken from 01 to 1801. S is the length of the long axis of a soil
particle.
Fig. 9(a) and (b) are rose diagrams indicating the orientation
angle θ at So100 μm and S4100 μm under D-condition
(wi¼15%). From Fig. 9(a), it was found that θ with 601 to3.923mm
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Fig. 7. Photomicrographs at the center of compacted specimen wi¼30% (W-condition): (a) point A, red-highlighted; (b) point B, red-highlighted; (c) point C, red-
highlighted.
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be seen that many red-colored particles with S4100 μm have
a value of θ less than 301 or greater than 1301. Based on these
ﬁgures, it is clear that the coarse particles are oriented in the
horizontal direction and the ﬁne particles are oriented in the
vertical direction.
Fig. 10(a) and (b) also shows rose diagrams regarding θ at
So100 μm and S4100 μm under OWC-condition
(wi¼25%). In Fig. 10(a), the values of θ of 1201 to 1701 of
soil particles with So100 μm were slightly conspicuous. InFig. 10(b), for soil particles with S4100 μm, the values of θ
were taken evenly from 01 to 1801. At OWC-condition, trends
regarding soil particle orientation cannot be recognized.
Fig. 11(a) and (b) are rose diagrams for θ at So100 μm and
S4100 μm under W-condition (wi¼30%). Within these ﬁg-
ures, different trends from the D- and OWC-condition (see
Figs. 9 and 10) can be observed. It can be seen in Fig. 11(a) that
the values of θ of small particles (So100 μm) were near
horizontal (i.e., θo301 or θ41301). On the other hand, Fig. 11
(b) shows that θ for many soil particles with S4100 μm was
S. Yokohama et al. / Soils and Foundations 54 (2014) 731–747 737901 to 1301. From these ﬁgures, it is evident that the coarse
particles are oriented in the vertical direction and the ﬁnes
particles are oriented in the horizontal direction. The orientation
of soil particles under W-condition corresponds to the inverse
pattern at D-condition. From these observations, it can be
deduced that the arrangements of soil particles are affected byFig. 8. Deﬁnition of orientation angle of a soil particle.
Fig. 9. Rose diagrams about orientations of soil particles
Fig. 11. Rose diagrams about orientations of soil particles
Fig. 10. Rose diagrams about orientations of soil particles (Othe water content at compaction under the same compaction
energy.4. Test procedures
The mechanical behavior of each compacted specimen was
investigated by conducting a consolidated undrained triaxial
compression test (CU test), a bender element test, a permeability
test and a cyclic undrained triaxial test. First, the axial load on the
CU test was applied with a speed of 0.1%/min in axial strain. The
specimens were 150 mm in height and 100 mm in diameter. The
effective conﬁning pressure σ0c was selected at 50 kPa, 100 kPa
and 150 kPa. The bender element tests were performed at the
effective conﬁning pressure σ0c of 50 kPa with the test apparatus
shown in Fig. 12(a). Specimens that were 70 mm in diameter and
150 mm in height were used. After consolidation, the shear wave
velocity was measured by a pair of bender elements, which were
attached on the top-cap and pedestal of the test apparatus. The
shear wave velocity Vs, and shear modulus GBE, can be determined
as follows;
Vs ¼ L=t ð1Þ(D-condition); (a) So100 μm, (b) S4100 μm.
(W-condition); (a) So100 μm, (b) S4100 μm.
WC-condition); (a) So100 μm, (b) S4100 μm.
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where L is the effective distance traveled by the shear wave
through the specimen; t is the traveling time of the shear wave; and
ρt is the density of the specimen (Sahaphol et al., 2005; Sahaphol
and Miura, 2005). In this study, a series of falling head
permeability tests were performed by means of the apparatus
shown in Fig. 12(b). The test apparatus had two burettes, which
were connected to the specimen through tubes, and could make a
difference in the water head level between the top and bottom of
the specimen. The elapsed time of the permeability test and volume
of water through the specimen were recorded. In order to obtain the
permeability coefﬁcient under saturated conditions, a backpressure
of 200 kPa was supplied into the specimen. Before measuring the
permeability coefﬁcient, the specimen was consolidated at the
effective conﬁning pressure of 50 kPa. For the cyclic undrained
triaxial test (JGS0541-2009), cyclical axial loading at a frequency
of 0.1 Hz was applied to the specimen with positive and negative
amplitude being kept constant during loading. The cyclic loading
was continued until the double amplitude of axial strain DA
reached 10%.Fig. 12. Test apparatus; (a) bender e
Fig. 13. Stress–strain curves obtained from CU5. Results and discussions
5.1. Undrained shear strength
Fig. 13(a) and (b) shows the relationships between deviator
stress σ01σ03, and axial strain εa, at effective conﬁning stresses
σ0c of 50 kPa and 150 kPa, respectively. σ
0
1 and σ
0
3 are major and
minor effective principal stresses. From these ﬁgures, it can be
observed that the shapes of the deviator stress–axial strain
curves until the axial strain reaches 0.1% and are very similar to
each compaction condition at σ0c of 50 kPa and 150 kPa.
Therefore, the shear modulus at small strain levels were
observed closely by a series of bender element tests described
below. In the condition of compaction energy of 1.13Ec, it was
found that the maximum value of deviator stress at Dc opt of near
100% was higher than those of the other cases. From Fig. 13(a),
it is recognized that the condition of compaction varies the
magnitude of shear strength even though the degree of
compaction was within the range of 88.3% to 93.5%. At D-
condition, the peak of deviator stresses appeared at the axial
strain εa of near 1%. At OWC-condition, the peak of deviatorPC
Transducer of 
cell pressure
Transducer of excess 
pore water pressure
Load cell
Cell pressure
Back pressure
Back pressure
Burette
L
Burette
lement test, (b) permeability test.
test; (a) σ0c of 50 kPa, (b) σ
0
c of 150 kPa.
Fig. 15. Relationship between axial strain at failure and degree of compaction.
Fig. 14. Relationship between peak strength and degree of compaction.
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magnitude of peak stress is smaller than that of D-condition.
On the other hand, at W-condition, it is evident that the values
of deviator stresses at a small strain level, which is less than 5%,
were smaller than that of D-condition. Fig. 13(b) denotes the
results of CU tests at σ0c of 150 kPa. From this ﬁgure, it can be
observed that the tendency of the relationship between deviator
stress and axial strain is similar to the results at σ0c of 50 kPa
shown in Fig. 13(a). Speciﬁcally, the deviator stress at Dc opt of
102% is demonstratively higher than those of the compacted
specimens with the compaction energy of 1.13Ec. These results
indicate that compaction under the optimum water content is
successful in producing higher shear strength in compacted
embankments. Next, the effect of water content at compaction
on shear strength can be seen among the results of Dc opt of
89.5%, Dc dry of 92.4% and Dc wet of 92.5%. This ﬁgure
indicates that until the axial strain reaches 3%, the deviator
stress at Dc dry of 92.4% is greater than those of Dc opt of 89.5%
and Dc wet of 92.5%. Additionally, the peak of the deviator
stresses of OWC-condition and D-condition appear when the
axial strain is near 3%. In contrast, the deviator stress of W-
condition does not show its peak under an axial strain of 15%.
These results appear to indicate the compaction condition affects
the undrained shear strength properties of compacted soils.
Fig. 14 shows the relationship between peak strength, qmax and
the degree of compaction, Dc. qmax is deﬁned as the maximum
value of deviator stress, σ01σ03. If qmax cannot be determined in
the stress–strain curve, qmax is deﬁned as the deviator stress at the
axial strain of 15%. In this ﬁgure, the solid line expresses the trend
of qmax under compaction at OWC-condition and σ0c of 50 kPa. At
σ0c of 50 kPa, it can be observed that the magnitude of qmax at
OWC-condition is higher than with other conditions. At σ0c of
100 kPa, the effect of differences in water content wi on the
relationship between qmax and Dc is not signiﬁcant. Finally, at σ0c of
150 kPa, qmax at D-condition is slightly smaller than in the other
cases. In this ﬁgure, the data at Dc opt of 102% was obtained
through consolidation. Though the reason for the data at Dc opt
appearing over 100% has yet to be clariﬁed, similar trends in the
relationships between qmax and water content wi, were also
observed in test results using volcanic soil sampled in Sapporo,
Japan (Ito et al., 2012). In general, it has been recognized that the
shear strength or the deviator stress required to achieve about 5%
of the strain at drier conditions is higher than that of wetter
conditions (Mitchell et al., 1965). In the present study, it is
hypothesized that similar results for the relationship between
deviator stress at small strain and water content can be expected.
In order to depict the deformation behavior of I soil, the
relationship between the axial strain at failure εf and the degree
of compaction Dc, is shown in Fig. 15. εf is deﬁned as the axial
strain at which qmax appears. The solid line highlights the data
pertaining to the OWC-condition. The ﬁgure demonstrates that
the magnitude of εf increases with an increase in Dc opt under
the OWC-condition. At 90% and 100% of Dc opt, the values of
εf reach 3.5% and 11%, respectively. Undert the D-condition,
the values of εf are smaller than those of the other cases. On
the other hand, for the W-condition, the axial strain εf appears
larger than those of the other cases. In particular, the values ofεf reach nearly 15% under the W-condition. It is hypothesized
that the axial strain at qmax varies because the fabric of soil
depends on the compaction condition.
Figs. 16 and 17 illustrate the relationships between qmax and
water content or compaction energy ratio Eci/Ec at σ0c of 50 kPa
and 150 kPa, respectively. Eci indicates the compaction energy
for each specimen. Fig. 16 demonstrates that qmax increases
with an increase in Dc or Eci/Ec at OWC-condition. Addition-
ally, it can be observed that qmax under the D- and W-
conditions are smaller than the value under the OWC-condi-
tion, even though the compaction energy ratio Eci/Ec reaches
1.13. In order to examine the strength of compacted soil under
high conﬁning pressure, Fig. 17(a) and (b) shows the values of
qmax at σ0c of 150 kPa. Fig. 17(a) demonstrates that qmax
reaches its maximum value at a Dc opt of 102.0% and wi of
25%. If specimens had a Dc of 93%, qmax at wi of 29.7% was
higher than that at the optimum water content. Further, Fig. 17
(b) shows that qmax increases with an increase in Eci/Ec. The
values of qmax under the D- and W-condition at Eci/Ec of 1.13
were smaller than that under the OWC-condition at Eci/Ec of
1.13. These results indicate that the undrained shear strength of
compacted soil is strongly affected by compaction energy,
water content and conﬁning pressure.
Fig. 18(a)–(c) displays the effective stress paths as p0=σ0cq=σ0c
relations under the OWC-, D- and W-condition, respectively. p0 is
the effective mean principal stress ððσ01þ2σ03Þ=3Þ, q is the deviator
Fig. 16. Peak strength qmax at σ0c of 50 kPa; (a) effect of water content, (b) effect of compaction energy ratio.
Fig. 17. Peak strength qmax at σ0c of 150 kPa; (a) effect of water content, (b) effect of compaction energy ratio.
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ﬁgures denote the results on the degree of compaction Dc of about
90%. Fig. 18(a) shows that the value of q=σ0c and p
0=σ0c reaches
2.1 and 1.4 in the case of σ0c of 50 kPa. After q=σ
0
c reached its
peak, it can be seen that both p0=σ0c and q=σ
0
c decrease until the
end of the undrained shear test. In the cases of σ0cof 100 kPa and
150 kPa, p0=σ
0
c becomes about 0.8 at which q=σ
0
c reached the peak
value of 1.2. Fig. 18(b) illustrates that p0=σ0c increases with an
increase in q=σ0c at the case of σ
0
c of 50 kPa and 100 kPa. For σ
0
c of
150 kPa the value of p0=σ0c reduced to only 0.8, which is more
conservative than that under the OWC-condition. Next, Fig. 18(c)
demonstrates that the pattern of effective stress change is quite
different from the OWC- and D-conditions. It can be observed at
σ0c of 50 kPa that p
0=σ0c immediately reduces the value from 1.0 to
0.7, thereafter p0=σ0c continues to increase the value until the end of
the shear test. In the cases of the other conﬁning pressures, a
similar behavior can be recognized under the W-condition. It can
be posited that the effective mean principal stress decreases more
easily from undrained compression than under the OWC- and D-
conditions. This indicates that the dilation behavior of compacted
soil is signiﬁcantly affected by differences in compacted condition.
5.2. Permeability coefﬁcient
The permeability coefﬁcients of compacted soil are illu-
strated as the relationships among the permeability coefﬁcientk, degree of compaction Dc, and compaction energy ratio
Eci/Ec, in Fig. 19(a) and (b). These ﬁgures show that the
permeability coefﬁcient, k decreases with an increase in Dc
and Eci/Ec. The permeability coefﬁcient k under the drier
condition at Dc dry of 96% was higher than in the other cases
with the same degree of compaction. The results indicate that
compaction at the drier condition made vertical permeability
high. In a contrasting situation, at the wetter condition
compaction resulted in low vertical permeability of the soil
fabric.
Fig. 20 illustrates the relationship between permeability
coefﬁcient k, and the water content, wi. Results under a
compaction energy of 1.13Ec are highlighted by a solid line
in this ﬁgure. It can be observed that the permeability
coefﬁcient k at the water content of 18% (D-condition) reached
about ﬁve times of the value under the OWC-condition. When
the water content was 27% (W-condition), the value of k was
similar to that of the optimum water content. These results
illustrate that water content can be an important parameter in
controlling the permeability of compacted soil. On the other
hand, focusing on the difference of Dc opt, the permeability
coefﬁcient k signiﬁcantly decreased with an increase in Dc opt.
These results suggest that the permeability coefﬁcient and void
shape in compacted soil are also affected by the compaction
condition in terms of the degree of compaction and water
content.
Fig. 18. Normalized effective stress paths obtained from CU test; (a) OWC-
condition, (b) D-condition, (c) W-condition.
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Fig. 21(a) and (b) illustrates the relationships between the shear
modulus GBE, degree of compaction Dc, and compaction energy
ratio Eci/Ec. These ﬁgures show that the shear modulus, GBE
increases with an increase of Dc and Eci/Ec. A similar tendency for
various sands was observed in bender element tests (for example,Gu et al., 2013; Senetakis et al., 2013). Additionally, GBE obtained
from the specimen at Dc wet with 96 to 97% seem a little higher
than those of the other cases. Fig. 22 denotes the relationship
between GBE and water content at compaction wi. Within this
ﬁgure it can be seen that the peak values of GBE did not appear at
the optimum water content under the compaction energy of 1.13Ec.
The value of GBE at wi of 27% was slightly greater than that of the
specimen at Dc opt of 100%. Under unsaturated conditions, it is
well known that the shear modulus at conditions drier than the
optimum water content is higher due to the suction effects.
Furthermore, the shear modulus increases with an increase in soil
suction (Runigo et al., 2009; Sawangsuriya et al., 2008; Heitor
et al., 2013). On the other hand, the shear modulus under the
saturated condition has been indicated in this paper. Therefore, it
appears that the shear modulus D- and OWC-conditions would be
higher than those shown in the present paper if the tests were
performed under unsaturated conditions. This result illustrates that
specimen stiffness is affected by the degree of compaction and
water content at compaction. In addition, it can be recognized that
the maximum value of GBE may appear at a slightly wetter
condition than the optimum water content.
5.4. Cyclic undrained strength
Fig. 23(a)–(c) shows the effective stress paths obtained from
the cyclic undrained tests at OWC-, D- and W-condition,
respectively. σd is the deviator stress ðσ01σ03Þ and p0 is the
effective mean principal stress. The specimens have a degree
of compaction, Dc, of near 93%. The cyclic stress ratio σd=2σ0c
ranges from 0.266 to 0.321. The effective conﬁning stress σ0c
was set to 50 kPa. Fig. 23(a) shows that the effective mean
principal stress p0 gradually decreases from an initial value of
p0 of 50 kPa at the beginning of cyclic loading. Under the D-
condition, the behavior of p0 was similar to under the OWC-
condition (Fig. 23(b)). On the contrary, Fig. 23(c) demon-
strates that under the W-condition p0 decreases more signiﬁ-
cantly at the beginning of cyclic loading than in the other
cases. These results indicate that the difference in the
compaction condition varies the behavior of effective mean
principal stress p0. In other words, it may indicate that the
behavior of excess pore water pressure depends signiﬁcantly
on the difference of compaction conditions.
Fig. 24(a)–(c) shows the relationships between the cyclic
stress ratio σd=2σ0c, and the number of loading cycles Nc, at
double amplitude of axial strain DA of 5%. Fig. 24(a)
illustrates that the cyclic strength increases with an increase
in Dc opt. In the case of Dc opt with 95 to 100%, SR20, which is
deﬁned as the cyclic stress ratio at Nc of 20, is about 1.8 times
higher than those of Dc opt with 85% to 90%. The relationship
between the cyclic stress ratio and Nc at D-condition is shown
in Fig. 24(b). In this ﬁgure, the cyclic strength of the D-
condition appears higher than that of the OWC-condition, as
shown in Fig. 24(a). It should be noted that the effect of the
degree of compaction on the cyclic strength under low water
content condition at compaction is more signiﬁcant than that at
the optimum water content condition. Next, Fig. 24(c) shows
the relationship between the cyclic stress ratio and Nc under the
Fig. 20. Relationship between permeability coefﬁcient and water content at
compaction.
Fig. 19. Permeability coefﬁcient; (a) effect of degree of compaction, (b) effect of compaction energy ratio.
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the value of SR20 of 95–100% in Dc wet, and that at 90–95% in
Dc wet, is very small. Though the specimen has a high degree
of compaction, it appears difﬁcult to achieve high cyclic
strength through compaction under wetter conditions.
Fig. 25 shows the relationship between the cyclic strength
SR20 and the degree of compaction Dc. This ﬁgure reveals that
the SR20 increases with an increase in Dc. The rate of cyclic
strength increase against Dc under the D-condition is higher
than in the other cases. On the other hand, the values of SR20
are rarely inﬂuenced by the degree of compaction within the
range of 92% to 97% under the W-condition. The experimental
ﬁndings reveal that the cyclic strength of compacted soil is
affected by the degree of compaction and the water content at
compaction. It appears that compaction under drier conditions
can be beneﬁcial for cyclic undrained strength.
5.5. Relationship among undrained strength, shear modulus
and permeability
The effects of suction on the mechanical behavior of
compacted soil have been examined in a number of studies
(for example, Tarantino and Tombolato, 2005; Thu et al.,
2007; Taibi et al., 2011). Based on this research, it has been
recognized that compaction under dryer conditions provideshigh suction, shear strength and stiffness. While the study of
mechanical behavior in reference to the suction effect is
important, the characteristics of saturated conditions are also
important in predicting failure behavior as the mechanical state
of soils is more unfavorable at the saturated state. This is also
important for engineering design as the shear modulus and
permeability coefﬁcient are related to the inherent anisotropy
and undrained strength or cyclic strength at saturated condi-
tions. In order to reveal the mechanical properties of com-
pacted soil, the relationships among undrained strength, cyclic
strength, shear modulus and permeability coefﬁcient need to be
examined in detail. Table 2 shows a list of test results for qmax,
k/kn, GBE=GnBE and SR20=SR
n
20. k
n, GnBE and SR
n
20 are k, GBE
and SR20 at Dc opt of 97%, respectively. Based on Table 2, the
effects of differences in compaction condition on the mechan-
ical properties of soil are discussed.
Fig. 26(a) and (b) expresses the relationships among qmax,
GBE and k obtained from a series of laboratory tests. Fig. 26(a)
illustrates the relationship between qmax and k/k
n. This ﬁgure
shows that the value of qmax decreases with an increase of k/k
n.
Under the same compaction energy, the magnitudes of qmax at
Dc dry or Dc wet of 95% are equal to half of that at Dc opt of
97%. At Dc dry of 95%, the value of k/k
n is about 4 times
higher than that at Dc opt of 97%. On the other hand, the value
of k/kn at Dc wet of 95% is similar to that at Dc opt of 97%.
Fig. 26(b) shows the relationship between qmax and GBE=G
n
BE.
This ﬁgure demonstrates that qmax increases with an increase of
GBE=GnBE at OWC-condition. On the other hand, the values of
GBE=GnBE under the D-condition and W-condition with Dc dry
or Dc wet of 95% are 0.87 and 1.17, respectively. Both sets of
data show that the relationship between qmax and GBE=G
n
BE are
affected by water content even if the degree of compaction are
the same. This indicates that undrained strength is related to
the permeability and the shear modulus of compacted soil.
Fig. 27(a) shows the relationship between SR20=SRn20 and
k/kn. This ﬁgure illustrates that SR20=SRn20 decreases with an
increase in the k/kn under the OWC-condition. Under the D-
condition, SR20=SRn20 and k/k
n at Dc dry of 95% are 1.15 and
4.2, respectively. The value of SR20=SRn20 of the D-condition
is higher than that of the OWC-condition at a k/kn of 4.2. On
Fig. 22. Relationship between shear modulus and water content at compaction.
Fig. 21. Shear modulus; (a) effect of degree of compaction, (b) effect of compaction energy ratio.
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Fig. 23. Effective stress paths obtained from the cyclic undrained tests; (a)
OWC-condition, (b) D-condition, (c) W-condition.
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n
at Dc wet of 95% are 0.75 and 1.1, respectively. The value
of SR20=SRn20 at W-condition is less than that of the OWC-
condition at a k/kn of 1.1. The results appear to indicate that
the relationships between the cyclic strength and permeability
are affected by the water content at compaction. The cyclic
undrained strength under drier conditions is higher than those
of wetter and optimum water content conditions, even if the
values of the permeability coefﬁcient are the same. Fig. 27(b)
illustrates the relationship between SR20=SRn20 and GBE=G
n
BE.
The ﬁgure indicates that SR20=SRn20 increases with an increase
in GBE/G
n
BE at OWC-condition. In spite of about 0.8 of
GBE=GnBE, the magnitude of SR20=SR
n
20 at Dc dry of 95% is
greater than that of Dc opt of 97%. On the contrary, SR20=SRn20
at Dc wet of 95% is less than that of Dc opt of 97%. The cyclic
undrained strength of compacted sandy silt seems to be strongly
inﬂuenced by differences in compaction condition such as water
content even if the degrees of compaction are the same.
5.6. Relationships between mechanical property and inherent
fabric of compacted soil
The effect of the inherent fabric and anisotropy on the
mechanical properties of various soils has been investigated by
many researchers. For example, Lambe (1958a, 1958b) andOnitsuka et al. (1979) described the relationship between the
arrangement of soil particles and the mechanical properties of
compacted clay. Ahmed et al. (1974) revealed that the pore
size distribution and unconﬁned peak strength of clay were
affected by the water content at compaction and compaction
Fig. 24. Relationships between the cyclic stress ratio and number of loading
cycles; (a) OWC-condition, (b) D-condition, (c) W-condition.
Fig. 25. Relationship between the cyclic strength SR20 and the degree of
compaction.
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compacted soil by means of soil–water characteristics. The
inﬂuence of inherent fabric on the mechanical properties of
sand has been disclosed by many researchers, for example,
Author and Menzies (1972), Oda (1972), Tatsuoka (1980),
Haruyama (1981), Ochiai and Lade (1983) and Miura and Toki
(1984). Informed by these ﬁndings, the effect of differences in
compaction conditions on changes in mechanical properties
will be discussed with a focus on the fabric of compacted soil.Fig. 28 schematically illustrates the fabric change of
compacted soil. In this discussion, it is assumed that the soil
is compacted by the same energy. In this ﬁgure, large and
small objects are expressed as coarse and ﬁne particles,
respectively. It is assumed that: (i) the geometry of coarse
particles primarily controls the undrained compression strength
and shear modulus at the small strain level, and, (ii) the
geometry of ﬁne particles controls the permeability. Based on
the above assumptions, the mechanism for change in mechan-
ical properties is discussed.
If the soil is compacted at the optimum water content, the
soil becomes rigid and very dense (Fig. 28(a)). Therefore, the
shear strength and shear modulus increases in value. Where
conditions were drier than the optimum water content, the test
results denote that the shear strength and shear modulus are
less than those of the optimum water content. At the drier
compaction, based on the above mentioned results, it was
found that the compacted specimen has high shear strength,
high permeability and slightly small shear modulus. These
results may indicate that coarse-grained soil particles lay
horizontally in the specimen. Generally, it is well known that
the geometry of soil particles can control the shear modulus
and strength. It is established that the amount of coarse
particles controls the shear modulus and shear wave velocity.
Hence, high shear modulus is expected from near vertical
geometry of coarse particles (Sahaphol et al., 2005; Sahaphol
and Miura, 2005). Additionally, the results of the permeability
tests discussed above indicated that compaction under the drier
condition results in high permeability in specimens. Therefore,
it is hypothesized that the ﬁne particles stand up vertically in
the specimen (Fig. 28(b)). This behavior may be induced by
compaction with a low degree of saturation or high suction. On
the other hand, at the wetter condition, the geometry of
compacted soil appears to take an inverse pattern from that
of the drier condition because the shear modulus is slightly
higher, and the shear strength and permeability coefﬁcient are
lower than that at the optimum water content. From this result,
it is proposed that the coarse-grained particles rise up vertically
while the ﬁnes particles lay horizontally (Fig. 28(c)).
Table 2
Summary of test results.
Dc
(%)
qmax(kN/m
2) k/kn GBE=GnBE SR20=SR
n
20
OWC-
condition
D-
condition
W-
condition
OWC-
condition
D-
condition
W-
condition
OWC-
condition
D-
condition
W-
condition
OWC-
condition
D-
condition
W-
condition
85 66.5 61.3 0.46
87.5 96.5 21.5 0.53 0.55
90 139 11.0 0.61 0.75 0.77
95 290 182 182 2.7 4.2 1.1 0.81 0.81 0.81 1.15 0.75
97 390 1.0 1.0 1.0 0.73
Fig. 26. Relationships between undrained strength and mechanical property; (a) undrained strength - normalized permeability coefﬁcient relation, (b) undrained
strength - normalized shear modulus relation.
Fig. 27. Relationships between cyclic strength and mechanical property; (a) normalized cyclic strength—normalized permeability coefﬁcient relation, (b)
normalized cyclic strength—normalized shear modulus relation.
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fabric of clean sand has been previously examined (for
example, Ladd, 1974; Miura and Toki, 1982). These studies
indicate that the cyclic strength of sand was strongly
affected by its inherent fabric in terms of orientation angles
of sand particles. In the present study, it has been revealed
that cyclic undrained strength at drier conditions is higherthan that of wetter conditions. The experimental ﬁndings
indicated that the fabric of compacted soil at the drier
condition, as depicted in Fig. 28(b), was exclusively
resistant to cyclic loading. In order to interpret the mechan-
ical characteristics of compacted soil accurately, the rela-
tionship between the fabric of soil and the condition of
compaction should be recognized.
Fig. 28. A concept of fabric of compacted soil and mechanical properties; (a)
OWC-condition, (b) D-condition, (c) W-condition.
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On the basis of a series of laboratory tests on compacted
sandy silt, the following conclusions were derived:(1) The arrangements of soil particles were affected by the
water content at compaction under the same compaction
energy. Microscope observations revealed that the arrange-
ment patterns of ﬁne soil particles were different from that
of the coarse particles.(2) The undrained shear strength of compacted sandy silt at the
optimum water content was greater than those of the other
compaction conditions under the same compaction energy.
The degree of compaction and water content at compaction
inﬂuence the shear strength and the axial strain at failure.(3) The relationships among shear modulus, permeability coefﬁ-
cient and compaction conditions were indicated. It can be
conﬁrmed that the shear modulus and the permeability
coefﬁcient were affected by the water content at compaction.(4) Differences in water content at compaction have consider-
able inﬂuence on the cyclic strength characteristic despite
the same degree of compaction. The specimen compacted
at lower water content showed higher cyclic strength. On
the other hand, it was conﬁrmed that the undrained
strength at the wetter condition was weaker than those of
the other compaction cases.(5) An increase in Dc, even an increase of over 90%,
signiﬁcantly improves the cyclic strength. Furthermore,
this feature of the specimens at the drier than optimum
water content condition become more apparent when
contrasted with the wetter condition.(6) Based on the observation results obtained by microscope, a
conceptualization of the relationship between compaction
conditions and the geometry of soil particles was also
described. Additionally, it is suggested that there is a
relationships between the anisotropy of soil and itsmechanical properties under saturated condition. It was
proposed that the geometry of the soil particles is related to
the mechanical behavior of compacted soil.Acknowledgement
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